Temperature effects on fluorescence quantum yields and lifetimes of 2-(2'-hydroxy-5'-methylphenyl)-3,3dimethylindole (HBDMI) and 2-(2'-hydroxyphenyl)benzoxazole (HBO) in the series of hydrocarbons were studied. The results obtained allowed us to examine the role of the viscosity in the electronically excited proton transfer (PT) systems. The large-amplitude torsional motions operate in the initially excited and PT forms. The X-ray determination of the crystal structure revealed that HBDMI is distorted from planarity in the crystalline state. We propose that solvent frictional forces effectively hinder the formation of the coplanar structure required for the barrierless proton transfer in the excited state.
Introduction
Since the pioneering works of Albert Weller [ 1 ] a large number of studies on the excited state proton transfer (PT) have been reported. Basing on the recent works applying time resolved picosecond techniques it can be concluded that PT processes within the singlet excited states manifold occur faster than in 5 ps [ 2, 3] , even at helium temperatures [ 41. This fact is also in accord with the linewidth measurements of the matrix isolated PT systems [ 5 1. As a consequence of the lack of energy barrier for PT in the excited state, it is very common to detect only the single, largely Stokes shifted fluorescence. However, this is not the general case; it was found in our laboratory [ 6-81 that a family of large n-electron systems exists, where PT reaction requires some thermal activation. The current interest concerns the dynamical aspect of photophysical processes associated with the excited state PT reaction.
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One of the very often observed phenomena is the strong temperature dependence of the fluorescence intensity of the PT reaction product [ 91. A variety of different descriptions of this effect were proposed. Felker et al. [ lo] have shown that the lowest excited singlet state of the initial form of methylsalicylate is strongly coupled to the radiationless decay channel, when the vibrational excess energy of about 1300 cm-' is reached; this last value is in a good agreement with the activation energy for the nonradiative decay determined by Smith and Kaufmann [ 111. The concept of the thermal excitation to the higher vibrational levels with larger nonradiative decay rates was recently discussed in connection with the "threshold behaviour", that was considered as a norm for not rigidly bonded systems [ 12 1.
Barbara, Brus and Rentzepis [ 13 ] have suggested, that the radiationless transition involves the torsional motion. This kind of intramolecular rotation results in a rapid rate for internal conversion [ 14,15 1. Moreover, out-of-plane bending motions including intramolecular H-bond are known to operate as a decay channel in many similar systems [ In the present work, we have focused our special attention on the role of solvent viscosity on the dynamical processes in the selected proton transfer systems. The results obtained provide the detailed arguments concerning the contribution of solvent friction in the PT reaction.
As an object of our studies we have chosen 2-(2'-hydroxy-5'-methylphenyl)-3, 3-dimethylindole (HBDMI) (see scheme 1). This particular molecule reveals strong deviations from planarity, so the vibrational relaxation is rather complicated because of the existence of many different low-frequency modes. Thus, we have performed also some parallel experiments with the model compound 2-(2'-hydroxyphenyl ) benzoxazole (HBO ) , a relatively well known, planar system with only one C I -C7 torsional degree of freedom.
Experimental
2-( 2'-hydroxy-5'-methylphenyl)-3,3-dimethylindole (HBDMI) was obtained from l-( 2-hydroxy-5-methylphenyl)2-methyl-1-propanone (according to the method of Kindler et al. [ 18 ] ) and phenylhydrazine. The crude sample was purified by column chromatography and crystallized from methanol (m.p. 1154°C).
2-(2'-hydroxyphenyl)benzoxazole (HBO) (Merck) was purified by sublimation, zone relining and HPLC. All solvents were purified by column SiOz/A1203 chromatography.
The "fluorescence grade" of all solvents was checked before the measurements. Emission and excitation spectra of HBDMI and HBO were performed in the temperature range between 300 and 100 K on a Jasny spectrofluorometer [ 19 1. Fluorescence decay curves were recorded with the sampling technique using nitrogen-laser excitation. The digital data were directly transferred into the microcomputer for storage and analysis. The fluorescence lifetimes were determined using the leastsquares method combined with the deconvolution of the laser pulse.
The crystals of HBDMI for X-ray measurements were obtained from concentrated cyclohexane solutions. The collected X-ray data and the structure refinement are given in table 1. The structure was solved by using a direct method, the MULTAN structure solution program [ 201 was used, and refined by a full matrix refinement procedure. The non-hydrogen atoms are refined with anisotropic thermal factors. Hydrogens were found from difference Fourier maps and included, in the final cycles of refinement, with isotropic thermal factors: the SHELX76 program [ 2 1 ] was applied for the refinement. The crystallographic structure data of HBDMI were applied as an input geometry for INDO/S calculations.
The INDO/S semi-empirical method with the original parameterization of Ridley and Zemer [ 221 was applied. All singly excited configurations with the energy below 10 eV were used in the CI procedure. Fig. 1 presents the conformation of the crystalline HBDMI with the bond distances obtained from the X-ray measurements. The standard deviations are less than 0.003 8, in bonds between nonhydrogen atoms and less than 0.03 8, in those involving H atoms. The fractional atomic coordinates for C, N, 0 and H atoms are presented in table 2. From these results we would like to point out two important facts. First, oxygen of O-H group is displaced by 0.05 A from the plane of ring A (formed by the following atoms: Cl, C2, C3, C4, CS and C6). Secondly, the significant deviation from the molecular planarity mainly due to rotation about the Cl-C7 bond was stated. The di- hedral angles formed by the least-squares planes A and B (N, C7, C8, C9 and C14) and A and D (C9, ClO, Cll, C12, Cl3 and C14) are 8.6" and 11.6", respectively.
Results

I. Crystal structure determination
The complete structural data of HBDMI including refined thermal parameters, bond and torsional angles as well as dihedral angles formed by weighted least-squares planes have been deposited as supplementary material. No fluorescence from the initially excited form was stated, although the radiative rate constant calcu- lated from the formula derived by Strickler and Berg the transition energies are presented in fig. 2 . The [24] is rather large, ~2.1 x IO* s-l. This observalowest excited singlet state of HBDMI was assigned tion points out that the photophysics of the primary as (x, n* ) (empty bar); the S2 (n, rr*) transition (full form is controlled by the effective nonradiative deacbar) is predicted at about 3000 cm-' above the Si. tivation channel, e.g., formation of proton transfer One must notice, that the S,-Sz energy gap is in the species. Moreover, as it will be shown below, internal case of HBDMI much lower than this for HBO, where conversion also contributes considerably in the overAEx 9000 cm-'. The spectroscopy of HBDMI is not all depopulation of the initially excited form. lected for the HBO or HBT systems [ 3,25 1, where due to formation of the anion and/or intermolecular hydrogen bonding the distinct species in the ground state were detected, some of them do not lead to the PT form at all. Fig. 3 presents the scheme of the virtual depopulation pathways of electronic excitation energy in the PT systems. An attempt to decode the contribution of the two temperature dependent nonradiative deactivation channels, k,, and k;c (see fig. 3 ), temperature effects on the fluorescence lifetime (7; ) as well as fluorescence quantum yield (@b ) of the PT final form was undertaken. Obviously, r; represents exclusively the decay of the PT species, while @b gives the insight into the efftciency of PT formation, e.g., the deactivation routes of the primary excited form. Table 3 presents the results of our measurements of the fluorescence quantum yields (&) of HBDMI and HBO in the different solvents, at room temperature. The investigations were limited to the hydrocarbons, what allows us to assume that the intermolecular interactions are comparable in the whole series. In the case of both systems 9; increases in the series from isopentane to decaline. These data strongly suggest that the photophysical parameters of both systems are strongly determined by the viscosity of the solvent. Also the temperature effect on the fluorescence intensities is a sensitive function of the solvent. For HBDMI the Arrhenius activation energies, extracted from the plot of In ( 1 /q+) versus 1 /T are dependent on solvent and change between 2.620.2 kcal/mole in isopentane and 3.9 f 0.3 kcal/mole in decaline.
Photophysical observations
Steady-state measurements
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A similar trend was stated for HBO; here temperature dependence of ln( l/g; -1) leads to the Arrhenius activation energies between 3.9kO.3 and 5.5 +0.2 kcal/mole for isopentane and decaline, respectively. versus l/T, are 3.6kO.2 kcal/mole for HBO, practically independently of the solvent in agreement with the other observation reported above. In the case of HBDMI the striking result is that there is also no evident effect on Egbs and the solvent applied in spite of the viscosity dependence of 7;: Egbs = 1.3 ? 0.3 kcal/mole and Egbb" = 1.6 + 0.2 kcal/ mole in isopentane and decaline, respectively.
Lifetime measurements
We would like to point out the two important results presented on fig. 4 . First, the direct correlation between the fluorescence lifetimes (T;) of HBDMI and the macroscopic viscosity (q) of the solvent (see insert of fig. 4 ) was stated. Secondly the separation of the viscosity from the temperature effects was performed. Here, the radiationless rate constant of the PT form (ki,) was analyzed instead of the lifetime: l/t;-l/Tb=k;,-, r& is derived from the temperature independent region, rb = rk( 77 K).
Figs. 4a and 4b present variations of the radiationless rate constant of the PT form of HBDMI with the viscosity (at constant temperature, T= 153 + 10 K) and temperature (at constant viscosity, q= 150 ? 20 cP). It is seen that in the case of HBDMI, both temperature and viscosity contribute to the overall photophysics of the PT form.
In contrast, the fluorescence lifetime (T;) of HBO seems to be insensitive to viscosity changes, e.g., r; ofHBOindecaline(T=203K,~=110cP),3.3f0. In contrast to these findings, in the case of HBDMI strong deviations from planarity were stated. These structural changes may partly relieve the repulsion interaction between H6 and H 16 atoms. Acting in the same direction: in-plane deformation around C7 atom ( ~Cl-C7-c8= 127.7") and rotation about Cl-C7 bond of approximately 5.5 ' produce the separation of H6 and H 16 atoms by 2.06 A.
The second important structural aspect being in direct connection with proton transfer reactivity is the geometry of the intramolecular H bond. From X-ray data for HBDMI, one can read that the O-N distance in the 0-H...N hydrogen bond is only 2.535 A; this should be compared with the corresponding distances for some similar systems of exceptionally short, chelate type H bonds: TIN (2.615 A) [ 301, HBT (2.605 A) [31] 
Deactivation mechanism of HBDMI in the primary excited form
One of the striking experimental features of HBDMI is that r; and 9; are not mutually proportional ( $; depends more on temperature).
Assuming the irreversibility of PT reaction in the excited state, the following equation holds for fluorescence quantum yield (&) of PT form: @;=q&&~=&,rk;7;,
where h= kpr/ ( kF+ k,,+ kpT) is the yield of the PT process, @p is the intrinsic fluorescence quantum yield of the PT form, and kPT and k,, are rate constants of nonradiative deactivation pathways of the initially excited form: proton transfer and internal conversion, k; and 7; are radiative rate constant and fluorescence lifetime of PT form, respectively (see fig.   3 ).
In order to detect the photophysical processes operating in the primary excited, "normal" form it is convenient to employ the 7;/& ratio. It can be shown that:
where A= l/k; and B= 1 +kF/kPT are according to the reasonable assumption of temperature independent terms.
As the temperature dependences of 7; and @; are not identical, also 7;/& = 1 /hTk; is a function of temperature and/or viscosity, namely it decreases upon cooling. Thus, as k; is in many similar PT systems suspected to have neither temperature nor viscosity dependence, we propose that the effect observed reflects the change of the efficiency of the formation of proton transfer species.
In general one can expect that out-of-plane torsional motions, strongly dependent on the viscosity of the solvent, do influence the distance of the centers between which the ESIPT reaction takes place. Obviously, this should be reflected in the PT rate constant ( kpT). Recently, Lee, Yardley and Hochstrasser [ 351 have shown that ESPT rates in TIN in alcohols are controlled by the solvent friction in the system where proton translocation is mediated by the solvent molecule. However the fact, that &,-=k& ( kPT + k,,+ kF) increases upon cooling, implies that in the case of HBDMI the temperature effect is mainly carried by internal conversion process ( klc) of the primary, H-bonded form.
Recently, the importance of this nonradiative deactivation channel was discussed by Goeller et al. In our case this hypothesis seems to be rather unapplicable. The phenyl ring of HBDMI is a part of the K-electron system and the extent of delocalization is a function of the phenyl torsional angle. As a consequence of the loss of the planarity via the rotation around C l-C7 bond the overlap between the ?r-electron subunits decreases; obviously, this should imply the increase of the (XX*) transition energies. Indeed, in the INDO/S calculations we have reproduced this effect -the significant destabilization of all lowest excited singlet states was stated. Thus, one should expect that for HBDMI the TICT-like configuration is not a probable intermediate on the pathway between the initial and proton transferred form.
The It was assumed that in the present case, the following phenomenological expression [ 39 ] holds: kie = F(q) exp( -E,O/RT). Here, F(q) is indirectly a function of temperature through the temperature dependence of q : q ( T) = q. exp (EJRT) , where Eq is the apparent activation energy of solvent viscosity. If we accept, that at higher viscosities the empirical relation F(q) = Q-a is fulfilled [40] , then k,o = Cqg"l exp( -Etbs/RT) and Ezh=Ei+aE,,, where Ez is the intrinsic activation energy and 0 < (Y < 1.
One can expect that the temperature independent terms in eq. (2) are negligible in comparison to the kIC/kPT ratio. From the plots of log(r;/@&) versus log q ( fig. 5 ) was found the straight line with the best fit for a! = 0.35 If: 0.1, both for decaline and methylcyclohexane/isopentane; the reasonably good fit supports the fact that indeed the functional form:
is applicable in the present case. Table 4 presents the activation parameters for HBDMI in its initial form; the direct separation of the intrinsic activation energy of the nonradiative process (Ez) and the viscosity dependent contribution is achieved. The intrinsic activation energy of x 0.34 kcal/mole ( 119 cm -' ) corresponds reasonably to a torsional C-phenyl motion and should be compared with the frequency of 12 1 cm-' calculated by Warshel for this mode [ 4 11 . One should notice, The internal barrier EE of the nonradiative process was extracted by plotting log k;, versus 1 /T for q = constant ( fig. 4b) , for a series of hydrocarbons. If the variations of Eg from solvent to solvent are small, the isoviscosity plots should yield EE independently of the solvent applied and/or of the particular viscosity selected.
Radiationless decay channel of the PTspecies
The temperature dependence of fluorescence decay time is commonly described using the formula: 1 /r; = k; + kb + k;,( T), where k; + kb represents the sum of the radiative and the nonradiative temperature independent rate constants. The radiationless transitions active in depopulation of PT species were recently widely discussed for many similar molecules. Woolfe et al. [ 31 and Elsaesser et al. [25] have noticed the significant decrease of the fluorescence lifetime of HBO and HBT, when the dielectric constant of the solvent increases.
Smith and Kaufmann
[ 111 have found for methylsalicylate the empirical relationship between the nonradiative decay rates and the dielectric constant of the solvent.
The intrinsic activation energy calculated from the isoviscosity plot is 60 + 10 cm -'. Since this isoviscosity plot was constructed from only a few points, the absolute value of EE is somehow uncertain. However, the result can be treated as a strong indication that the observed activation energy of nonradiative process, in the PT form Egb = 560 cm -I ( 1.6 kcal/ mole) is mostly due to solvent hindrance of large amplitude motion associated with the radiationless transition. This mechanism can modify the fluorescence decay channel of HBDMI in its proton transferred form.
Conclusion
According to the low-temperature T,tT, absorption data of HBDMI [ 421 we can conclude that triplet state formation via intersystem crossing plays a minor role in the deactivation mechanism. The nonradiative deactivation rate constant can be expressed approximately as k;,(T) =A exp( -Egbs/RT).
HBDMI strongly deviates from planarity in its crystal state. In the condensed phase the system undergoes effective excited state proton transfer (ESIPT ). Experimental studies of HBDMI in a series of hydrocarbons allow us to separate the effect of temperature and viscosity on radiationless transition in the PT system. The viscosity appears in the kinetic relations for radiationless transition both for the primary excited and PT forms. The plots of k;, versus 1 /T give the satisfactory For the PT species the direct correlation between straight lines both for HBO and HBDMI. In the case the fluorescence lifetimes of HBDMI and the bulk of HBO we have obtained Egbb" = 3.6 ? 0.2 kcal/mole. viscosity of the solvent was stated. For the primary The Arrhenius parameters are typical for many other excited form the torsional C-phenyl motion operates give additional strong evidence supporting the idea of the role of intramolecular rotation in the radiationless deactivation channel. The direct correlation between 1 /r; and log q ( fig. 4 ) obtained for HBDMI in the series of hydrocarbons can be understood as a direct indication, that in this particular system the viscosity factors play an important role in the relaxation mechanism.
in the radiationless decay channel. We infer, that the solvent frictional forces control formation of the coplanar structure is required for the barrierless ESIPT.
